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Bullet;  Background :  Assessment  of  the  injury  potential  is  central  to  ascertaining  that  a  law 

Wounding;  enforcement  bullet  does  not  cause  unjustified  and  excessive  injuries.  There  seems  to 

Tissue  devitalisation  prevail  an  understanding  that  tissue  devitalisation  correlates  with  kinetic  energy 

dissipated  into  the  tissue.  Other  views  exist  too.  The  purpose  of  the  study  was  to  find 
out  whether  such  a  correlation  can  be  found  and  at  what  level  of  confidence. 
Methods:  A  number  of  reported  tests  done  with  live  pigs  with  sufficient  primary  data 
have  first  been  brought  to  the  same  temporally  comparable  level  and  then  analysed. 
The  tests  comprise  of  1 40  shots.  To  maintain  consistency  tests  with  other  animals  were 
excluded. 

Results:  The  best  correlation  was  obtained  between  excised  muscle  tissue  and 
dissipated  kinetic  energy  per  millimetre  of  wound  channel.  An  equation  describing 
the  relationship  between  dissipated  energy  Ed  and  devitalised  tissue  mdeb  is  presented 
as  a  regression  function  mdeb  =  44.575  x  Ed  +  10.319  with  R 2  =  0.293.  An  experimental 
method  for  estimating  the  energy  used  for  bullet  deformation  of  controlled  deforma¬ 
tion  bullets  is  also  presented. 

Conclusions:  A  method  for  using  the  regression  function  for  obtaining  tissue  destruc¬ 
tion  figures  for  any  point  of  wound  channel  formed  in  tissue  simulant  is  presented.  The 
figures  are  intended  for  meaningful  comparison  of  the  injury  potential  of  various 
bullets  and  not  for  forecasting  actual  tissue  injuries.  The  documentation  of  the 
ballistic  properties  in  animal  tests  also  seems  somewhat  lacking.  Some  changes  in 
documenting  firearms  injuries  are  proposed  in  order  to  validate  the  methods  and 
further  enhance  the  fidelity  of  simulant  testing. 
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Nomenclature 

Ed 

amount  of  kinetic  energy  dissipated 
into  tissue 

Edef 

amount  of  kinetic  energy  used  by 
deformation  of  the  projectile 

Ei <j/ ^  w 

amount  of  kinetic  energy  dissipated 
into  tissue  per  length  of  wound  channel 

Ed^ ^be 

amount  of  kinetic  energy  dissipated 
into  tissue  per  duration  of  projectile 
penetration 

Ei 

kinetic  energy  of  the  projectile  on 
impact 

Er 

residual  kinetic  energy  of  the  projec¬ 
tile 

/w 

length  of  wound  channel 

^deb 

amount  of  debrided  tissue 

JTJdebc 

commensurated  amount  of  debrided 
tissue 

m deb /  Ed 

amount  of  debrided  tissue  per  dissi¬ 
pated  energy 

m] 

impact  mass  of  the  projectile 

fftpig 

mass  of  experimental  animal  (pig) 

mr 

retained  mass  of  the  projectile 

N 

number  of  observations 

S.D. 

standard  deviation 

^be 

duration  of  ballistic  event  (penetra¬ 
tion) 

^deb 

time  delay  between  shooting  and  deb¬ 
ridement 

Vi 

impact  velocity  of  the  projectile 

Vr 

retained  (residual)  velocity  of  the  pro¬ 
jectile 

Introduction 

Several  international  agreements  and  recommenda¬ 
tions20-22  require  that  every  weapon  must  be 
evaluated  to  assess  its  legality  before  it  can 
enter  law  enforcement  or  military  use.  This  calls 
for  a  standard  method  of  testing  to  measure,  for 
example  wounding  potential  of  a  bullet  in  various 
foreseeable  circumstances.  This  is  generally  done  by 
shooting  bullets  into  blocks  of  ballistic  gelatine 
simulating  muscle  tissue  although  no  generally 
accepted  standard  for  testing  and  results  assess¬ 
ment  exists. 

One  way  to  assess  the  level  of  ballistic  injury 
inflicted  to  a  human  being  is  to  measure  the  amount 
of  tissue,  which  is  surgically  removed  (debrided, 
excised)  during  medical  treatment.  It  has  been 
shown  that  this  amount  correlates  with  the  kinetic 
energy  dissipated  into  tissue  by  a  penetrating 


bullet. 1’8,12,13’17’23-25  The  studies  done  so  far  tend 
to  view  the  dissipated  kinetic  energy  in  relation  with 
the  length  of  the  wound  channel  (J/mm).  It  was 
therefore  interesting  to  find  out  whether  the  mass  of 
debrided  tissue  correlated  better  to  impact  velo¬ 
city,  impact  momentum,  projectile  mass,  projectile 
calibre,  dissipated  energy  per  millimetre  of  wound 
channel  or  per  millisecond  of  bullet  penetration. 

In  addition  to  crushing  and  perforating  the  tissue 
in  front  of  it,  a  bullet  generates  a  temporary,  pul¬ 
sating  cavity,  which  stretches  and  compresses  the 
tissue  surrounding  the  wound  channel.  This  is  from 
some  aspects  comparable  to  blunt  trauma  and  the 
injurious  effect  depends  on  the  amount  of  compres¬ 
sion  and  the  compression  velocity  and  is  usually 
expressed  with  viscous  criterion  figure  (VC),2,5 
which  is  their  product.  Bullets  of  different  velocity 
can  be  expected  to  cause  different  tissue  compres¬ 
sion  velocities  and  therefore  different  injury.  It 
should  also  be  noted  that  the  relationship  between 
the  size  of  temporary  cavity  and  cell  death  has  not 
been  established.7,11  It  has,  however,  been  shown  in 
vitro  that  cavitation  is  indeed  a  prerequisite  for  cell 
death  as  well  as  major  cell  damage.19 

The  kinetic  energy  of  a  bullet  is  expended  on 
penetration  and  cavitation,  i.e.  dissipated  into  tis¬ 
sue  and  consumed  by  bullet  deformation  and  fric¬ 
tion.  Friction,  however,  can  be  expected  to  have  a 
negligible  effect  for  practical  purposes  since  only  a 
small  area  of  the  bullet  touches  the  tissue.  Thus,  if 
bullet  deformation  did  not  exist  the  kinetic  energy 
dissipated  into  tissue  (Ed)  would  be  the  difference  of 
impact  (£j)  and  residual  (Er)  kinetic  energies. 

Defining  the  energy  used  by  deformation  (Edef)  is 
difficult.  One  attempt  to  overcome  this  problem  is 
to  try  to  estimate  Ed  from  the  fissures  formed  into 
gelatine.10,18  The  results  are,  however,  somewhat 
inconclusive.16  A  bullet  may  on  impact  and  during 
penetration  deform  uncontrollably  due  to  the  com¬ 
bination  of  its  structural  weakness  and  instability. 
Certain  bullets  have  also  been  designed  to  deform 
predictably,  consistently  and  controllably  usually  by 
expanding.  Both  deformation  types  can  be  used  as 
bullet  design  parameters  to  increase  energy  dissipa¬ 
tion  and  wounding  capacity.  Controlled  deformation 
can  also  be  used  as  a  braking  mechanism  to  limit 
penetration  ability  and  thus  danger  to  non-involved 
bystanders.  Uncontrolled  deformation  usually 
means  inconsistent  performance  and  to  a  degree 
unpredictable  results.  Since  such  bullets  are  neither 
tactically  nor  legally  desirable  the  present  paper 
deals  with  controlled  deformation  only. 

The  equation  for  energy  dissipated  into  tissue  can 
be  expressed  as: 

Ed  =  E\  ~  Edef  ~  E< 


(1) 


284 


J.  Jussila  et  al. 


Materials 

A  number  of  different  studies  by  several  authors 
were  selected  for  meta-analysis  using  the  following 
selection  criteria.  The  experimental  animal  must  be 
of  the  same  species  to  avoid  inducing  error  due  to 
species  specific  different  mechanical  properties. 
The  number  of  reported  pig  tests  is  much  larger 
than  those  with  any  other  animal  and  therefore  pig 
was  chosen.  The  reports  must  contain  primary  data 
on  individual  shots.  The  data  must  report  bullet 
impact  velocity  (v,),  impact  mass  ( m j),  dissipated 
kinetic  energy  (Ed)  and  wound  channel  length  (/w)  or 
sufficient  details  to  calculate  the  data  from. 

Albreht  et  al.  (1979)1 

Forty-two  pigs  weighing  58-66  kg  were  used.  Indi¬ 
vidual  weights  were  available.  The  skin  was  con¬ 
taminated  with  Escherichia  coli  prior  to  shooting. 
Both  hind  legs  were  penetrated  simultaneously. 
Retrieved  bullets  were  classified  as  not  broken, 
heavily  deformed  or  fragmented.  No  detailed  data 
on  the  retained  bullet  weights  was  available.  Deb¬ 
ridement  was  done  after  6  h.  No  control  group  was 
debrided  immediately  to  see  the  effect  of  delayed 
treatment. 

Berlin  et  al.  (1977)3 

Twenty-seven  pigs  weighing  between  67  and  93  kg 
were  used.  Individual  weights  were  not  available. 
Hind  legs  were  shot  separately.  Retrieved  bullets 
were  classified  as  slightly  deformed,  deformed  and 
fractured.  Possible  bone  fractures  are  also  noted. 
Debridement  was  done  within  1  h. 

Kjellstrom  et  al.  (2002)15 

Sixteen  Swedish  landrace  pigs  weighing  42-60  kg 
were  used.  One  hind  leg  was  shot.  The  wound  was 
debrided  immediately  after  shooting.  The  operating 
surgeon  had  no  knowledge  of  the  brand  of  ammuni¬ 
tion  used  in  each  case. 

Tikka  et  al.  (1982)24 

Sixty-four  pigs  weighing  25—30  kg  were  used.  Indi¬ 
vidual  weights  were  not  available.  Both  hind  legs 
were  penetrated  simultaneously.  Debridement  was 
done  after  6  h.  No  control  group  debrided  immedi¬ 
ately  to  see  the  effect  of  delayed  treatment. 

Tikka  and  Seeman  (1987)25 

Twelve  Swedish  landrace  pigs  weighing  23-39  kg 
were  used.  Individual  weights  were  not  available. 
Both  hind  legs  were  shot  separately.  Debridement 
was  done  in  1  h.  The  results  leave  some  doubt  as  the 
exit  velocities  of  the  projectiles  were  not  measured 
but  estimated  as  described  by  Berlin  et  al.4 


A  summary  of  the  experiments  has  been  pre¬ 
sented  in  Table  1 . 


Commensuration  of  individual  results 

The  experiment  results  needed  to  be  commensu- 
rated  to  make  them  comparable  before  they  could 
be  used  for  analysis. 

Bullet  deformation  and  fragmentation  use  some 
amount  of  kinetic  energy.  Therefore,  the  difference 
between  projectile  kinetic  energy  on  impact  (£",) 
and  on  exit  (Er)  does  not  equal  to  energy  dissipated 
to  tissue  (Ed).  For  fragmented  and  uncontrollably 
deformed  bullets  sufficient  information  was  not  in 
all  cases  available  to  estimate  Ed  and  Edef.  The 
fragmented  bullets  were  therefore  excluded  from 
further  analysis.  Bullet  tumbling  was  not  considered 
a  problem.  Any  bullet  instability,  unless  it  causes 
deformation  or  fragmentation,  only  changes  the 
rate  of  kinetic  energy  dissipation  but  does  not  con¬ 
sume  energy.  Therefore,  Edef  =  0  for  non-deformed 
bullets.  The  total  number  of  individual  shots  was 
140.  Of  this  number  99  non-deformed  and  11  con- 
trollably  deformed  bullets  were  used  for  further 
analysis.  All  deformed  bullets  were  also  used  for 
establishing  a  regression  function  for  deformation 
energy  Edef. 

Tikka  et  al.24,  Tikka  and  Seeman25  and  Albreht 
et  al.1  tied  the  hind  legs  together  and  shot  simulta¬ 
neously  through  both  legs.  Berlin  shot  both  legs 
separately.  This  fact  was  not  considered  to  intro¬ 
duce  any  significant  error  and  was  ignored. 

Delay  in  wound  treatment  increases  the  amount 
of  necrotic  tissue.  Dahlgren  et  al.8  showed  that  the 
tissue  necrosis  is  progressive.  As  the  amount  of 
transferred  energy  varied  slightly  the  amounts  of 
debrided  tissue  had  to  be  commensurated  to  filter 
out  the  effect  of  this  difference.  This  was  done 
assuming  that  the  amount  of  debrided  tissue  was 
proportional  to  the  expended  energy  Ed.  This  gross 
assumption  can  safely  be  made  since  the  differences 
in  Ed-values  were  very  small.  The  amount  of  necrotic 
tissue  increased  by  about  29%  during  the  first  6  h. 
After  12  h  the  increase  was  43%.  Dahlgren  also 
calculated  the  amounts  of  excised  tissue  per  joule 
of  energy.  This  approach,  however,  cannot  be 
applied  to  further  commensuration  as  the  process 
of  necrosis  is  not  directly  relative  to  expended 
energy  but  to  the  amount  of  originally  destroyed 
tissue.  According  to  Bowyer  et  al.6  the  amount  of 
excised  tissue  was  100-350  mg  during  the  first  hour 
rising  from  100  to  500  mg  after  6  h.  These  figures 
are,  however,  far  too  coarse  to  allow  any  conclusions 
to  be  drawn.  The  value  of  29%  was  therefore  used  to 
adjust  the  results  of  Tikka  et  al.24  and  Albreht  et  al.1 


Table  1  Summary  of  data  used  for  analysis  mean  values 


Reference 

Weapon 

Cal 

Bullet 

m\ 

/Tlpig 

N 

V\ 

E, 

Ed 

^deb 

/w 

^deb 

mdeb/ 

Albreht  et  al.1 

Yugoslav  M48 

7.92  x  57 

FMJ 

12.85 

61.4 

4 

687.8 

3039.5 

642.0 

6 

205.0 

123.8 

0.19 

Albreht  et  al.1 

Yugoslav  M70 

7.62  x  39 

FMJ 

8 

61.7 

8 

663.2 

1759.8 

695.6 

6 

210.0 

214.4 

0.31 

Albreht  et  al.1 
Albreht  et  al.1 

Colt  M16A1 

FN  FAL 

5.56  x  45 
7.62  x  51 

M193a 

NATO  FMJBT 

9.56 

71.2 

4 

810.5 

3139.8 

1719.0 

6 

222.5 

527.5 

0.31 

Berlin  et  al.3 

Colt  M16A1 

5.56  x  45 

Ml  93  FMJ 

3.6 

67-93 

3 

824.7 

1220.3 

212.3 

1 

107.7 

103.3 

0.49 

Berlin  et  al.3 

Colt  Ml  6  mod  613 

5.56  x  45 

SS92  FMJ 

3.6 

67-93 

10 

855.4 

1312.2 

287.4 

1 

106.6 

187.5 

0.65 

Berlin  et  al.3 

Husqvarna  AK4  (FN  FAL) 

7.62  x  51 

Norma 

9.5 

67-93 

9 

731.8 

2533.6 

293.6 

1 

118.0 

134.1 

0.46 

Berlin  et  al.3 

Valmet  M62 

7.62  x  39 

Russian  FMJ 

8 

67-93 

14 

631.4 

1575.5 

292.9 

1 

127.2 

228.3 

0.78 

Kjellstrom  et  al.15 

Sig  Sauer 

9  x  19 

Norma  SP  FMJTC 

8 

52.4 

5 

368.8 

544.5 

128.1 

1 

79.8 

24.5 

0.19 

Kjellstrom  et  al.15 

Sig  Sauer 

9  x  19 

MEN  QDb  MBHP 

5.9 

50.7 

6 

401.5 

475.6 

317.1 

1 

79.5 

42.6 

0.13 

Kjellstrom  et  al.15 

Sig  Sauer 

9  x  19 

Speer  GDb  JHP 

8 

48.6 

5 

355.0 

504.2 

330.1 

1 

80.6 

49.9 

0.15 

Tikka  et  al.24 

Valmet  M62 

7.62  x  39 

LapuaS309  FMJ 

8 

20-30 

11 

663.3 

1766.1 

142.3 

6 

95.6 

35.2 

0.25 

Tikka  et  al.24 

A  KM  47 

7.62  x  39 

tsDpvth  FMJ 

8 

20-30 

13 

661.0 

1750.4 

133.4 

6 

86.6 

21.7 

0.16 

Tikka  et  al.24 

Tikka  and  Seeman25 

Colt  M16A1 

5.56  x  45 

6  mm 

M193a  FMJ 

Steel  ball 

0.86 

23-39 

18 

1078.1 

500.6 

397.7 

1 

129.8 

112.0 

0.28 

FMJ,  full  metal  jacket;  BT,  boat  tail;  TC,  truncated  cone;  MBHP,  monoblock  hollow  point  (expanding);  JHP,  jacketed  hollow  point  (expanding). 
a  Rejected  due  to  fragmentation. 
b  Controlled  deformation  bullet. 
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Table  2  Summary  of  commensurate  mean  values  used  for  analysis 


References 

Cal 

Bullet 

N 

w 

f^debc 

f^debc/ Ed  tbe 

^be 

mdebc  correlations 

Ed//W  With  With 

Ed  Ed  /  tbe 

With 

Ed//W 

Albreht  et  al.1 

7.92  x 

57 

FMJ 

4 

610.5 

87.9 

0.14 

6.3 

100.7 

3.1 

0.74 

0.66 

0.67 

Albreht  et  al.1 

7.62  x 

39 

FMJ 

8 

514.2 

152.2 

0.22 

7.1 

99.7 

3.4 

0.25 

-0.32 

-0.27 

Albreht  et  al.1 

7.62  x 

51 

NATO 

4 

520.5 

374.5 

0.22 

6.9 

239.6 

7.5 

0.05 

-0.09 

-0.12 

Berlin  et  al.3 

5.56  x 

45 

Ml  93 

3 

747.9 

103.3 

0.49 

2.7 

75.6 

1.9 

1.00 

1.00 

1.00 

Berlin  et  al.3 

5.56  x 

45 

SS92 

10 

751.4 

187.5 

0.65 

2.7 

101.9 

2.6 

0.61 

0.49 

0.47 

Berlin  et  al.3 

7.62  x 

51 

Norma 

9 

686.4 

134.1 

0.46 

3.3 

88.6 

2.5 

-0.25 

-0.54 

-0.53 

Berlin  et  al.3 

7.62  x 

39 

Russian 

14 

555.0 

228.3 

0.78 

4.5 

52.4 

1.9 

0.88 

0.85 

0.84 

Kjellstrom  et  al.15 

9  x  19 

Norma  SP 

5 

322.6 

24.5 

0.19 

4.6 

27.7 

1.6 

0.91 

0.89 

0.86 

Kjellstrom  et  al.15 

9  x  19 

MEN  QD* 

6 

231.2 

42.6 

0.13 

5.0 

63.6 

4.0 

0.67 

-0.05 

0.11 

Kjellstrom  et  al.15 

9  x  19 

Speer  GD* 

5 

208.4 

49.9 

0.15 

5.7 

58.6 

4.2 

0.10 

0.10 

0.12 

Tikka  et  al.24 

7.62  x 

39 

LapuaS309 

11 

636.0 

25.0 

0.18 

3.0 

50.3 

1.5 

0.18 

-0.43 

-0.33 

Tikka  et  al.24 

7.62  x 

39 

tsDpvth 

13 

635.3 

15.4 

0.12 

2.7 

51.7 

1.6 

-0.16 

-0.63 

-0.64 

Tikka  and  Seeman25 

6  mm 

Steel  ball 

18 

485.5 

112.0 

0.28 

3.3 

121.5 

3.1 

0.45 

0.38 

0.37 

*  Controlled  deformation  bullet. 


to  the  1  h  debridement  delay  level  to  obtain  com- 
mensurated  mass  of  debrided  tissue  (mdebc).  The 
average  amounts  of  kinetic  energy  transferred  to 
tissue  (Ed)  and  the  corresponding  amounts  of 
debrided  tissue  (mdeb  and  mdebc)  are  shown  in 
Table  2. 

Debridement  or  excision  is  to  some  extent  based 
on  the  surgeon’s  subjective  assessment.3  The  deb¬ 
ridement  4C  rule  (lack  of  capillary  bleeding,  con¬ 
sistency  and  contractibility  and  altered  colour)  used 
as  the  basis  for  subjective  assessment  is  an  essential 
part  of  the  surgical  treatment  of  a  bullet  wound. 
The  excision  may  have  included  tissue,  which  may 
have  recovered.  The  variation  induced  was  there¬ 
fore  regarded  as  an  important  factor  and  no  attempt 
was  therefore  made  to  exclude  it.  The  results 
can,  therefore,  be  seen  as  depending  not  only  on 
tissue  destruction  by  the  bullet  but  also  on  the 
indirect  effect  of  the  surgeon’s  possible  under  or 
overestimation  of  it.  The  effect  of  occasional  mis¬ 
judgement  is  also  smoothed  by  the  large  number  of 
individual  tests.  The  mean  values  of  mdebc  and  their 
correlation  with  Ed  is  also  shown  in  Table  2.  In  order 
to  preserve  the  effect  of  subjectivity  the  results 
showing  low  mdebc  to  Ed  correlation  were  not 
excluded. 

The  bullet  velocity  was  measured  at  slightly  dif¬ 
ferent  distances  varying  up  to  some  2  m  as  the  bullet 
velocities  were  high  and  the  velocity  reduction 
therefore  negligible  this  was  not  considered  as  a 
major  source  for  error  and  was  ignored. 

No  separation  by  calibre  and  bullet  type  was  done 
because  projectile  behaviour  in  tissue  depends  not 
only  on  its  kinetic  energy  but  also  on  its  construc¬ 
tion.  Any  generalization  on  observation  of  one  or 
two  bullet  types  would  be  impossible. 


Statistical  methods 

Microsoft  Excel  2000  version  9.0.3821  SR- 1  was  used 
for  statistical  analysis.  Mean  values  and  standard 
deviations  were  calculated.  Mean  values  were  com¬ 
pared  with  two-tailed  t- test  using  95%  level  of  con¬ 
fidence. 

Frequency  distributions  were  formed  by  grouping 
the  observations  of  debrided  tissue  (mdebc)  into 
classes  according  to  both  energy  dissipated  per  unit 
length  of  wound  channel  (Ed//W)  and  energy  dissi¬ 
pated  per  unit  penetration  time  (ballistic  event) 
(Ed/tbe).  The  latter  was  considered  important  in 
order  to  see  the  effect  the  event  speed  i.e.  projec¬ 
tile  velocity  has  on  tissue  devitalisation.  The  class 
widths  were  arbitrarily  chosen  in  order  to  obtain 
classes  having  at  least  four  observations.  True  mean 
and  standard  deviation  were  calculated  for  each 
class.  The  frequency  distributions  are  shown  in 
Tables  3  and  4. 

Pearson  correlations  between  mdeb  and  various 
ballistic  variables  were  calculated  and  are  shown  in 
Table  5. 

Regression  functions  were  estimated  for  all 
observations  included  in  the  analysis  using  the  least 
square  method.  The  functions  were  not  adjusted  to 
intersect  with  (0.0)  since  even  in  the  theoretical 
case  of  a  bullet  not  expending  any  energy  into  tissue 
it  still  crushes  a  hole  (permanent  cavity)  thereby 
destroying  tissue.  Function  type  was  selected  by 
maximising  correlation  coefficient  with  the  assump¬ 
tion  that  the  curve  must  be  rising.  The  functions  are 
shown  in  Figs.  1  and  2. 

In  order  to  determine  the  energy  expended  on 
deformation  regression  functions  on  mdebc  per  total 
dissipated  energy  Ed  were  estimated  for  both  non- 
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Table  3  mdebc  distribution  per  Ed/tbe  class 

Reference 

Cal 

Bullet 

Class  (J/ms) 

0-35 

to  50 

to  75 

to  100 

to  115 

to  130 

to  190 

>190 

Albreht  et  al.1 

7.92  x  57 

FMJ 

N 

0 

0 

0 

2 

2 

0 

0 

0 

Mean 

48 

128 

S.D. 

23 

50 

Albreht  et  al.1 

7.62  x  39 

FMJ 

N 

0 

1 

0 

2 

3 

1 

1 

0 

Mean 

156 

158 

166 

121 

128 

S.D. 

48 

10 

Albreht  et  al.1 

7.62  x  51 

NATO 

N 

0 

0 

0 

0 

0 

0 

1 

3 

Mean 

170 

443 

S.D. 

152 

Berlin  et  al.3 

5.56  x  45 

Ml  93 

N 

0 

0 

2 

1 

0 

0 

0 

0 

Mean 

79 

152 

S.D. 

53 

Berlin  et  al.3 

5.56  x  45 

SS92 

N 

0 

0 

2 

4 

2 

1 

0 

1 

Mean 

155 

106 

310 

257 

264 

S.D. 

88 

47 

78 

Berlin  et  al.3 

7.62  x  51 

Norma 

N 

0 

0 

2 

6 

0 

0 

0 

1 

Mean 

217 

122 

42 

S.D. 

101 

64 

Berlin  et  al.3 

7.62  x  39 

Russian 

N 

3 

8 

1 

0 

0 

0 

2 

0 

Mean 

173 

150 

30 

726 

S.D. 

47 

99 

185 

Kjellstrom  et  al.15 

9  x  19 

Norma  SP 

N 

5 

0 

0 

0 

0 

0 

0 

0 

Mean 

25 

S.D. 

10 

Kjellstrom  et  al.15 

9  x  19 

MEN  QDa 

N 

0 

0 

5 

1 

0 

0 

0 

0 

Mean 

42 

44 

S.D. 

14 

Kjellstrom  et  al.15 

9  x  19 

Speer  GDa 

N 

0 

1 

4 

0 

0 

0 

0 

0 

Mean 

33 

54 

S.D. 

11 

Tikka  et  al.24 

7.62  x  39 

LapuaS309 

N 

3 

2 

6 

0 

0 

0 

0 

0 

Mean 

23 

67 

12 

S.D. 

7 

0 

3 

Tikka  et  al.24 

7.62  x  39 

tsDpvth 

N 

2 

4 

5 

2 

0 

0 

0 

0 

Mean 

18 

22 

12 

10 

S.D. 

0 

3 

7 

1 

Tikka  and  Seeman25 

6  mm 

Steel  ball 

N 

0 

0 

0 

1 

7 

6 

3 

1 

Mean 

113 

114 

108 

105 

140 

S.D. 

17 

10 

10 

a  Controlled  deformation  bullet. 

deformed  and  deformed  bullets.  These  functions 
are  shown  in  Figs.  3. 

Results 

Tikka  et  al.24  used  20-30  kg  pigs  whereas  Albreht 
et  al.1  and  Berlin  et  al.3  used  58-93  kg  pigs.  To  find 


out  whether  the  dissipated  energy  per  unit  length  of 
wound  channel  was  different  for  these  two  sizes  of 
pigs  a  number  of  equivalent  test  shots  had  to  be 
chosen.  Both  Berlin  et  al.  and  Tikka  et  al.  had 
documented  the  use  of  calibre  7.62  mm  x  39  mm 
with  the  same  Russian  tsDpvth  bullet.  Berlin  et  al. 
shot  with  Valmet  M62  and  Tikka  et  al.  with  the 
Russian  AKM  47.  The  fact  that  different  weapons 
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Table  4  mdebc  distribution  per  Ed//W  class 


References 

Cal 

Bullet 

Class  (J/ms) 

0  to  1  to  2 

to  3 

to  3.5 

to  4.5 

to  5.6 

>5.6 

Albreht  et  al.1 

7.92  x  57 

FMJ 

N 

0 

0 

1 

2 

1 

0 

0 

Mean 

64 

62 

163 

S.D. 

43 

Albreht  et  al.1 

7.62  x  39 

FMJ 

N 

0 

1 

1 

1 

5 

0 

0 

Mean 

156 

124 

192 

149 

S.D. 

24 

Albreht  et  al.1 

7.62  x  51 

NATO 

N 

0 

0 

0 

0 

0 

2 

2 

Mean 

387 

362 

S.D. 

306 

85 

Berlin  et  al.3 

5.56  x  45 

Ml  93 

N 

0 

2 

1 

0 

0 

0 

0 

Mean 

79 

152 

S.D. 

53 

Berlin  et  al.3 

5.56  x  45 

SS92 

N 

0 

2 

6 

1 

0 

1 

0 

Mean 

155 

174 

257 

264 

S.D. 

88 

117 

Berlin  et  al.3 

7.62  x  51 

Norma 

N 

0 

2 

6 

0 

0 

0 

1 

Mean 

217 

122 

42 

S.D. 

101 

64 

Berlin  et  al.3 

7.62  x  39 

Russian 

N 

2 

10 

0 

0 

0 

1 

1 

Mean 

147 

145 

856 

595 

S.D. 

20 

99 

Kjellstrom  et  al.15 

9  x  19 

Norma  SP 

N 

0 

5 

0 

0 

0 

0 

0 

Mean 

25 

S.D. 

10 

Kjellstrom  et  al.15 

9  x  19 

MEN  QDa 

N 

0 

0 

0 

0 

5 

1 

0 

Mean 

42 

44 

S.D. 

14 

Kjellstrom  et  al.15 

9  x  19 

Speer  GDa 

N 

0 

0 

0 

1 

2 

2 

0 

Mean 

33 

58 

50 

S.D. 

15 

10 

Tikka  et  al.24 

7.62  x  39 

LapuaS309 

N 

2 

7 

2 

0 

0 

0 

0 

Mean 

26 

29 

11 

S.D. 

8 

27 

0 

Tikka  et  al.24 

7.62  x  39 

tsDpvth 

N 

1 

10 

2 

0 

0 

0 

0 

Mean 

18 

16 

10 

S.D. 

7 

1 

Tikka  and  Seeman25 

6  mm 

Steel  ball 

N 

0 

0 

7 

10 

1 

0 

0 

Mean 

113 

108 

140 

S.D. 

16 

10 

a  Controlled  deformation  bullet. 


were  used  may  introduce  some  error  since  the 
possible  differences  in  barrel  length  and  rifling  twist 
rate  may  change  the  bullet’s  behaviour  in  tissue. 
The  number  of  observations  for  Tikka  et  al.24  was  14 
and  for  Berlin  et  al.3  13. 

The  calculated  correlations  between  mass  of 
debrided  tissue  (mdebc)  and  total  dissipated  kinetic 


energy  (Ed)  are  shown  in  Table  2.  The  results  of  Tikka 
et  al.24  showed  a  correlation  coefficient  of 
R2  =  -0.16  whereas  the  results  of  Berlin  et  al.3 
showed  R2  =  0.88.  Performing  a  two-tailed  t- test 
on  the  mean  value  of  dissipated  energy  per  unit 
length  of  wound  channel,  Ed//W  gave  t  =  0.68  with 
critical  t-value  of  2.13  and  P(T  <t)  =  0.5.  Since  the 
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Table  5  Pearson  correlations  between  debrided  tis¬ 
sue  and  different  ballistic  variables 


Impact  velocity  (Vj) 

0.11 

Impact  momentum  (mi  x  v,) 

0.09 

Impact  kinetic  energy  (0.5  x  m \  x  vf) 

0.16 

Impact  power  (m,  x  v?) 

0.23 

Dissipated  kinetic  energy  per  mm 

0.54 

As  above  but  per  ms 

0.48 

As  above  but  per  mm/ms 

0.06 

_ _ 

♦  non-deformed  bullets  ■  deformed  bullets 

non-deformed  bullets _ -  -  -  •  deformed  bullets 


0,00  50,00  100,00  150,00  200,00  250,00  300,00  350,00 

EdAbe  (J/ms) 

♦  non-deformed  bullets  - non-deformed  bullets 


Figure  1  Distribution  of  debrided  tissue  (commensu- 
rated)  by  velocity  of  energy  dissipation. 


probability  of  error  in  accepting  or  rejecting  the 
hypothesis  is  50%  it  cannot  be  said  that  the  mean 
values  would  definitely  be  of  the  same  or  different 
distributions.  Considering,  however,  the  fact  that 
the  correlation  of  experiments  by  Tikka  et  al.24  is 
negative  ( R 2  =  -0.16)  it  is  safe  to  deduce  that  the 
results  obtained  with  heavier  pigs  are  most  likely 
more  reliable. 

The  best-fit  regression  function  for  mdebc  in  grams 
was  estimated  as  a  function  of  dissipated  energy  per 
wound  length  Ed//W  in  J/mm  (Fig.  1)  and  per  velocity 
of  energy  dissipation  Ed/fbe  in  J/ms  (Fig.  2)  for  all 
observations  of  non-deformed  bullets.  The  func¬ 


_ Ed/lw  (J/rom) _ 

♦  non-deformed  bullets  - non-deformed  bullets 


Figure  2  Distribution  of  debrided  tissue  (commensu- 
rated)  by  dissipated  energy  per  unit  length  of  wound 
channel. 


Figure  3  Distribution  of  debrided  tissue  (commensu- 
rated)  by  total  dissipated  energy. 


tions  and  their  respective  correlation  coefficients 
are: 


mdebc  =  44.575x  +  10.319 

with  /?2  =  0.293  for  all  observations /ndebc  per  Ed//W 

(2a) 

mdebc  =  28.455g0109x 

with  R2=  0.2426  for  all  observations  mdebc  per  Ed/fbe 

(2b) 

Assessing  mdebc  by  Ed//W  gives  higher  correlation 
coefficients  than  Ed/tbe. 

The  debridement  assessment  in  various  experi¬ 
ments  differed  somewhat.  The  distribution  is  shown 
in  Table  1  column  mdebc/Ed.  No  definite  conclusions 
can  be  made  on  individual  assessments  because  the 
ammunition  selections  were  not  similar  and  there¬ 
fore  the  Ed  distributions  were  different.  There  are, 
however,  some  individual  observations  that  subjec¬ 
tively  seem  to  show  far  too  excessive  debridement. 

The  effect  of  bullet  deformation  can  be  defined 
as  the  abscissa  difference  of  the  regression  func¬ 
tions  of  deformed  (xdef)  and  non-deformed  (xndef) 
bullets.  The  mdebc  distribution  per  total  Ed  is  shown 
in  Fig.  3  together  with  linear  regressions  and 
their  correlations.  The  function  for  Edef  can  be 
defined  as: 


Edef  —  *def  xndef  (3) 

Resolving  the  functions  in  Fig.  3  with  x  =  xdef  and 
Xndef  gives 


_  y  —  9.3765 
Xdef  “  0.186 
and 


(4a) 


_  y  -  49.467 
Xndef  ““  0.2028 


(4b) 


Substituting  xdef  and  xndef  with  Eqs.  (4a)  and  (4b) 
gives 


^def 


0  0168  ■  E.  ■  7  29911 
0.038 


(5) 
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In  order  to  verify  the  correctness  of  this  equation 
two  Gold  Dot  bullets  of  the  same  type  Kjellstrom 
et  al. 15  shot  were  used.  This  bullet  was  measured  to 
produce  392  m/s  velocity  at  2.5  m  from  a  Heckler  & 
Koch  MP5  submachine  gun  barrel  and  carry  616  J  of 
kinetic  energy14.  When  shooting  this  bullet  into 
ballistic  gelatine  it  expanded  and  shortened  from 
an  original  length  of  14.2  mm  to  an  average  length 
of  7  mm.  The  sample  bullets  were  crushed  to  this 
length  at  the  velocity  of  3  mm/min  using  Instron 
4505  universal  testing  machine  with  10kN  power 
cell.  The  total  energy  required  was  40.46  and 
40.57  J,  which  is  assumed  to  represent  the  maxi¬ 
mum  Edef  for  this  type  when  all  of  its  kinetic  energy 
of  616  J  is  expended  in  gelatine.  The  Eq.  (5)  at  the 
maximum  energy  gave  Edef  of  464  J,  which  is  far  off 
the  ‘crush ’-measurement  value.  A  theoretical  cal¬ 
culation  of  Edef  therefore  does  not  seem  to  produce 
acceptable  results. 

Discussion 

Unfortunately,  the  tests  analysed  are  with  one 
exception  rather  old  and  the  number  of  shots  fired 
rather  low.  As  such  the  analysis  may  be  subject  to 
some  debate.  This  was,  however,  what  was  avail¬ 
able.  An  attempt  to  re-examine  them  provided  some 
interesting  information.  In  some  cases  it  may  be 
inconclusive,  but  at  least  it  seems  to  show  that  more 
carefully  designed  research  is  needed  and  what  type 
of  information  should  be  looked  for.  Subjective 
assessment  is  always  a  major  source  for  error,  but 
there  was  no  other  alternative  than  to  accept  the 
fact.  Interestingly,  the  probability  of  both  over  and 
underestimating  the  amount  of  dead  tissue  seems  to 
grow  as  the  amount  of  released  energy  grows.  The 
standard  deviations  of  debrided  tissue  become 
higher. 

Intuitively,  one  would  expect  a  deforming  bullet 
to  cause  more  damage.  This  may  be  true  when  the 
wound  channel  is  observed  at  a  certain  depth. 
Deformation,  however,  absorbs  kinetic  energy. 
When  that  fact  is  taken  into  account  the  deformed 
bullet  curve  in  Fig.  3  will  probably  be  very  similar  to 
the  one  of  non-deformed  bullets.  Further  analysis 
would  have  required  knowledge  on  the  degree  of 
deformation  of  individual  bullets  and  the  energies 
required  for  deformation.  The  very  limited  experi¬ 
ment  done  with  crushing  bullets  to  the  same  length 
as  they  deform  to  when  all  their  energy  has  been 
dissipated  into  gelatine  seems  to  be  a  promising 
way  in  estimating  Edef.  The  method  used  does, 
however,  not  simulate  the  actual  expansion  process 
very  faithfully.  The  pressure  in  penetration  enters 
the  open  hollow  point  cavity  expanding  its  sides 


outwards.  The  crushing  on  the  other  hand  com¬ 
presses  the  tip  of  the  bullet  axially  and  inwards. 
The  behaviour  of  uncontrollably  deforming  and 
controllably  deforming  (expanding)  bullets  may 
be  different  and  the  crusher-theory  may  not  be 
applicable  to  uncontrolled  deformation  nor  to  frag¬ 
mentation. 

The  rough  estimate  of  Edef  obtained  with 
crush-test  does  not  take  the  degree  of  deforma¬ 
tion  directly  into  account.  In  most  cases,  a  control¬ 
lably  deforming  bullet  also  expands  to  its 
maximum  deformation  level  when  shot  using  the 
velocities  relevant  to  wound  ballistic  assessment. 
More  work  is  needed  to  find  a  credible  method 
for  estimating  the  kinetic  energy  used  by  bullet 
deformation.  The  crushing  method  can  be  seen  as 
something  that  is  at  least  available  before  a  better 
method  is  found. 

There  is  a  slight  difference  in  the  regression 
functions  when  mdebc  is  correlated  to  event 
speed  or  wound  channel  length.  There  are  some 
indications  that  the  tissue  devitalisation  relation¬ 
ship  with  energy  dissipation  velocity  is  not  linear 
but  rather  upwards  curved  when  dissipation 
velocity  grows.  The  number  of  observations  in  the 
high  end  of  spectrum  are,  however,  too  few  and 
mdebc-values  too  dispersed  to  allow  any  definite 
conclusions  to  be  drawn.  Also,  as  Fackler  com¬ 
ments,9  the  debridement  in  the  pig  tests  should 
have  been  made  as  blind  study  to  remove  any 
unconscious  bias  caused  by  the  knowledge  of  the 
weapon  used.  In  the  work  by  Kjellstrom  et  al.15  all 
surgical  debridements  were  performed  by  the  same 
surgeon,  who  did  not  know  which  type  of  ammuni¬ 
tion  had  been  used  in  each  individual  experimental 
animal. 

There  prevails  a  common  understanding  that 
fragmentation  increases  the  injury,  but  no 
agreement  on  how  much.  The  test  reports 
mentioned  fragmentation,  but  did  not  measure 
its  degree,  which  would  have  enabled  further  ana¬ 
lysis. 

The  significance  of  fissures  formed  in  gelatine 
has  been  subject  to  significant  debate.10,16  Once 
the  regression  function  for  tissue  devitalisation 
and  energy  used  by  bullet  deformation  has  been 
adequately  justified,  the  fissures  are  needed 
primarily  to  establish  the  point  of  peak  energy 
dissipation  and  the  relative  distribution  of  kinetic 
energy  along  the  wound  channel  in  gelatine.  As  the 
distribution  varies,  the  mdebC  values  should  be  esti¬ 
mated  separately  for  every  50  mm  section  of  the 
wound  channel.18  Calculating  mdebc  for  the  entire 
wound  channel  on  the  difference  of  impact  and 
residual  energies,  E(  and  Er  will  give  incorrect 
results. 
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Conclusions  and  recommendations 

It  is  recommended  that  a  standard  regression 
function  (2a)  for  estimating  the  mass  of  devi¬ 
talised  tissue  be  adopted.  This  function  correlates 
the  amount  of  devitalised  tissue  to  energy  dissipa¬ 
tion  per  wound  channel  length  and  gives  higher 
mde ^  to  Ed  correlation  than  function  (2b),  which 
correlates  devitalised  tissue  to  energy  dissipation 
velocity. 

It  is  further  recommended  that  the  energy  used 
for  deformation  of  a  bullet  of  a  certain  type  is 
established  by  shooting  the  bullet  into  ballistic 
gelatine  with  a  weapon  giving  the  highest  velocity 
and  measuring  the  residual  length.  A  sufficient 
number  of  similar  unused  bullets  are  then  pressed 
to  the  same  length  measuring  the  required  energy. 
This  number  is  then  used  as  the  maximum  Edef- value 
for  this  bullet  type. 

The  method  for  obtaining  comparison  figures  for 
tissue  devitalisation  caused  by  non-deforming  or 
controllably  deforming  non-fragmenting  bullets 
would  thus  be  as  follows: 

1.  Obtain  the  maximum  Edef  value  for  the  bullet 
type  in  question  using  the  crusher-method. 

2.  Subtract  Edef  from  the  total  energy  to  obtain 
energy  Ed  dissipated  into  tissue. 

3.  Estimate  the  energy  dissipation  Ed<  for  every 
50  mm  section  of  tissue  simulant.10,18 

4.  Divide  Ed<  with  the  section  length  (w-  to  obtain  Ed/ 

l  w- 

5.  Calculate  the  mass  of  devitalised  tissue  mo¬ 
using  Eq.  (2a). 

6.  Sum  up  all  mdet>'  to  obtain  total  mdeb- 

It  would  be  necessary  to  verify  the  theory  descri¬ 
bed  above  by  collecting  accurate  information  on 
actual  shootings.  In  addition  to  describing  the  injury 
and  treatment  any  firearm  injury  documentation 
should  therefore  include  information  on 

-  weapon  used; 

-  caliber; 

-  bullet  type; 

-  shooting  distance; 

-  retained  weight  of  the  bullet  if  possible; 

-  weight  of  fragments  captured  and  removed  from 
tissue. 
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